r Intrauterine growth restriction (IUGR) increases offspring risk of chronic diseases later in life, including cardiovascular dysfunction.
Introduction
Cardiovascular function can be programmed by challenges during perinatal development (Godfrey et al. 2007 ). Low birth weight (a hallmark of intrauterine growth restriction, IUGR) has been linked to increased incidence of heart disease, vascular disease, stroke, and hypertension in humans (Fowden et al. 2006) . In a study of 15,000 Swedish men and women over a span of more than 60 years, mortality from ischaemic heart disease was strongly correlated with low birth weight (Leon et al. 1998) . In animal studies, IUGR leads to profound impairment of post-ischaemic recovery of cardiac function (Xu et al. 2006) . Various components of those programming changes have been replicated in animal models, suggestive of a causal relationship (Armitage et al. 2004 ). Yet, the mechanisms underlying these predispositions remain incompletely understood.
In our non-human primate model of IUGR resulting from moderate maternal undernutrition during pregnancy and lactation (30% reduction in global nutrient intake), we demonstrated impaired cardiac function using magnetic resonance imaging (MRI) (Kuo et al. 2016 (Kuo et al. , 2017a . Impaired filling function of the cardiac ventricles was seen along with reduction in biventricular ejection fraction, as well as changes in cardiac morphology, indicating reduced cardiac reserve and resembling subclinical heart failure. Importantly, our investigation yielded a constellation of findings suggesting elevated afterload, a known major contributor to diastolic predominant cardiac dysfunction (Leite-Moreira et al. 1999) . While cardiac programming changes across various animal models are not always congruent, our findings share many similarities to results from other IUGR methods, and may have risen from reduction in cardiomyocyte endowment, contractility, or metabolic regulation as described in the literature (Botting et al. 2012; Blackmore & Ozanne, 2015) . We have also shown both decreased size and distensibility in the distal thoracic aorta of this IUGR cohort, suggesting the presence of vascular structure and function alteration (Kuo et al. 2017b) . Given the intricate relationship between the systemic vasculature and afterload, we sought to further investigate regional vascular structure and blood flow in the IUGR offspring.
The concurrent presence of cardiac and vascular abnormalities has been reported in many programming models, including hypoxia-induced IUGR chick (Salinas et al. 2014) , placental embolization-induced IUGR sheep (Bubb et al. 2007) , and protein restriction-induced IUGR rat (Menendez-Castro et al. 2011) . The function of the vasculature is greatly dependent on its size (Rodbard, 1975) . Children born of small stature are known to possess proportionally sized vasculature (Walther et al. 1986) . If compensatory growth of the body is not accompanied by matching extent of vascular expansion in the postnatal period, a mismatch of vascular supply and systemic demand will likely develop, which can lead to changes in haemodynamics and contribute to cardiac stress and peripheral organ dysfunction (Norman, 2008) . Supporting the importance of matching vascular function to overall size, when postnatal catch-up growth in IUGR animal models is decreased by concurrent postnatal undernutrition, a more benign cardiovascular phenotype is observed than when catch-up growth occurs (Huxley et al. 2000; Cleal et al. 2007) . IUGR is associated with a host of circulatory abnormalities in the perinatal period (Arbeille, 1997; Galan et al. 2005) . Left uncorrected, the distorted fetal haemodynamics can lead to adult pathology. Based on our previous findings suggestive of increased afterload, we hypothesize that vascular mismatch is present in IUGR baboon offspring, which partially underlies the previously described impairment in cardiac function. More specifically, we aim to detect changes in regional blood vessel size, distensibility, and blood flow in the adult IUGR baboons due to prior maternal nutrient reduction.
Methods

Ethical approval
All procedures were approved by the Texas Biomedical Research Institute Institutional Animal Care and Use Committees (IACUC) and conducted in facilities approved by the Association for Assessment and Accreditation of Laboratory Animal Care. The IACUC is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. This work complies with the animal ethical principles under which The Journal of Physiology operates and with the checklist outlined by Grundy (Grundy, 2015) .
Animal model
Baboons (Papio species, Southwest National Primate Research Center, Texas Biomedical Research Institute, San Antonio, TX, USA) were housed and maintained in an outdoor, group social environment and fed using an individual feeding system (Schlabritz-Loutsevitch et al. 2004; VandeBerg et al. 2009 ). Healthy gravid female baboons of similar age and weight were randomly assigned to an ad libitum diet during pregnancy and lactation or a globally reduced diet regimen consisting of 70% of feed eaten by control ad libitum fed mothers from 0.16 gestation (G) to end of lactation (Li et al. 2017) . The offspring baboons were fully weaned at 9 months of age and moved to juvenile group housing, where ad libitum diet was given. The diet was Monkey Diet 5038 (Purina LabDiets, St Louis, MO, USA), which contains 13% calories from fat, 18% calories from protein, 69% calories from carbohydrates, mineral and vitamin additives, and a metabolizable energy content of 3.22 kcal g −1 . Unrestricted access to water was provided.
Vascular ultrasonography
Vascular ultrasonography was performed on two groups of baboons, IUGR (8 male, 8 female, age = 8.8 ± 1.2 years; mean ± SD) and age-matched control baboons (CTL, 12 male, 12 female, age = 9.5 ± 1.7 years). To account for potential diurnal and prandial effects on vascular regulation, the studies were conducted during the same time of the day, in the morning (09.00-11.00) after overnight fast. Subject baseline data are shown in Table 1 . Evaluation of all subjects was performed on the same portable Terason Ultrasound System 2000 (Teratech Corp., Burlington, MA, USA) using the Terason 10L5 transducer (linear transducer, 5-10 MHz, 128 elements) without administration of intravascular contrast. Ultrasound was performed cage-side under anaesthesia following removal of hair in the lateral cervical, medial arm, inguinal, and medial thigh regions by an electric razor. Anaesthesia was induced with single dose of ketamine hydrochloride (10 mg kg −1 , I.M.), which lasts approximately 25 min in duration. Aquasonic 100 Ultrasound Transmission Gel (Parker Laboratories, Inc., Fairfield, NJ, USA) was used as coupling medium to improve contact and image quality. Longitudinal and axial cine images were obtained in triplicate from the (a) bilateral common carotid arteries 3 cm proximal to the carotid bifurcation, (b) bilateral brachial arteries at the level of the mid-humerus, (c) bilateral external iliac arteries 1 cm proximal to the inguinal fold, and (d) bilateral femoral arteries at the level of the mid-femur. The arteries were differentiated from the adjacent veins by either presence of visible pulsatile movement or arterial waveform by Doppler evaluation. Depth of view was set at 2 cm with focus zone set at the level of the vessel of interest, which allowed visualization of the arteries in all animals ( Fig. 1) . Additionally, Doppler waveform of the bilateral common carotid arteries were obtained approximately 3 cm proximal to the carotid bifurcation with angle correction maintained at or below 60 deg and sampling size of 2 mm ( Fig. 2A) . Upon completion of the study, visual assessment of the animal for respiration, mucosal coloration, and movement was performed at regular intervals until the animal was alert, in a sternal position, and demonstrated control of movement. After full recovery, baboons were returned to their group cages.
Blood pressure
Blood pressure measurements were acquired from an Omron HBP-1300 sphygmomanometer in the left upper arm, using a small (17-22 cm) or a medium (22-32 cm) cuff. Measurements were obtained with the baboons in the supine position. Three measurements were obtained and averaged. Pulse pressure is defined as the difference between systolic and diastolic blood pressure. Mean arterial pressure (MAP) was approximated by the formula:
as conventionally defined.
Image processing and analysis
Image processing and measurement were performed using the Terason Ultrasound System 2000 built-in image processing software. The diastolic and systolic vessel lumen dimensions were obtained using the axial images by measuring the minimal and maximal anechoic area of each heartbeat, respectively. The values reported were averages of the systolic and diastolic lumen areas. Triplicate measurements were obtained and averaged. In a few limited instances where the vessel edge was not clearly delineated on axial images, longitudinal images were used to calculate the lumen dimension assuming circular geometry. Distensibility was calculated using the formula:
where P is the pulse pressure.
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To analyse carotid arterial waveforms, the built-in automatic tracing algorithm was applied to the obtained spectra ( Fig. 2B ) to generate intensity-weighted mean frequency velocity tracings to counter the effects of spectral broadening and minimize measurement error (Fig. 2C) . Peak systolic velocity and end-diastolic velocities were measured from the tracings. Time-average velocity (intensity-weighted mean frequency) was calculated by the machine software. Resistivity index (RI) and pulsatility index (PI) were calculated as:
Velocity systole − Velocity diastole Velocity systole , and PI = Velocity systole − Velocity diastole Velocity mean , respectively, as conventionally defined.
Normalization
The dimensional measurements were also normalized to the body surface area (BSA), using weight based models previously described for baboons (Glassman et al. 1984; VandeBerg et al. 2009 ). For females, BSA = 0.078 × Weight 0.664 , and in males,
where weight is measured in kilograms, and the calculated BSA has unit of metres squared (m 2 ).
Statistical analysis
Data were analysed using GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA). Grubbs' test (extreme Studentized deviate) was used to evaluate for statistical outliers. Normality of distribution was assessed by the d'Agostino-Pearson test. Two-way ANOVA was used to evaluate the null hypotheses that there were no differences between the factors group and sex and no significant interactions. Given no group-sex interaction was detected in any of the measurements, ANOVA main effects were reported without further post hoc analysis. In cases of vessels area and distensibility where statistically significant differences were seen between groups, correlation analyses between the measurements and birth weight were performed to see whether the extent of the abnormality could be linked to the degree of IUGR. Data are presented as means ± standard error of the mean (SEM). Number of animals used in the final analysis is indicated as N. Statistical significance was set at P < 0.05 for all tests.
Results
Subject baseline characteristics and vital data
Baseline morphometric and vital data of the baboon cohorts are shown in Table 1 . Male baboons demonstrated higher body weights than females (P < 0.001), a known physiological difference. Similarly, birth weight (P = 0.03) and estimated body surface area (P < 0.001) were higher in the males compared to the females. IUGR birth weights were reduced compared to age-matched controls (P = 0.02).
The systolic blood pressure (P = 0.9), diastolic blood pressure (P = 0.7), pulse pressure (P = 0.4), and mean arterial blood pressure (P = 0.9) were not different between groups or sexes. Heart rate was higher in female baboons compared to males (P = 0.002), a known physiological difference in humans (Umetani et al. 1998) .
Common carotid artery measurements
The common carotid artery measurements are summarized in Table 2 . Group-sex interaction was not seen in any of the common carotid artery measurements. The common carotid artery peak systolic velocity was not different between groups (Fig. 3A , P = 0.5). Male baboons demonstrated higher peak systolic velocity (P < 0.001) than females. Increased end-systolic velocity (17.8 ± 1.1 cm s −1 vs. 12.5 ± 1.7 cm s −1 , P = 0.02, Fig. 3B ) and end-diastolic velocity (17.3 ± 0.9 cm s −1 vs. 15.0 ± 0.8 cm s −1 , P = 0.04, Fig. 3C ) were seen in the IUGR group compared to controls (CTL). The change in time-average velocity between groups did not reach significance (27.6 ± 1.3 cm s −1 vs. 25.6 ± 1.1 cm s −1 , P = 0.2, Fig. 3D) . Similarly, the resistive index (IUGR 75.2 ± 1.1% vs. CTL 77.7 ± 1.0%, P = 0.1) and pulsatility index (IUGR 1.95 ± 0.09 vs. CTL 2.10 ± 0.08, P = 0.2) decreased in the IUGR group without reaching significance. The common carotid artery lumen area was larger in males before but not after normalization to BSA and not different between groups (Fig. 3E) . Overall, these changes led to a trend of increased normalized common carotid artery flow rate in the IUGR group that did not reach significance (47.8 ± 2.9 mm 3 s −1 m −2 vs. 42.4 ± 2.1 mm 3 s −1 m −2 , P = 0.1).
Brachial, external iliac, and femoral artery measurements
Brachial, external iliac, and femoral artery measurements are summarized in Table 3 . Results of ANOVA did not reveal any group-sex interactions in the measurements. Arterial lumen in all three arteries was larger in size in males than females before but not after normalization to BSA. The normalized brachial artery size was not different between groups (P = 0.1, Fig. 4A ). After normalization to BSA, the femoral (10.4 ± 0.6 mm 2 m −2 vs. 13.1 ± 1.0 mm 2 m −2 , P < 0.05, Fig. 4B ) and external iliac (21.0 ± 1.2 mm 2 m −2 vs. 25.3 ± 1.5 mm 2 m −2 , P < 0.05, Fig. 4C ) artery lumen areas were higher in the CTL group. Higher distensibility of the external iliac artery was seen in the CTL group (4.5 ± 0.5 × 10 −3 mmHg −1 vs. 5.6 ± 0.3 10 −3 mmHg −1 , P < 0.05, Fig. 4D ). Correlation analysis revealed no correlation between birth weight and normalized iliac artery lumen size (P = 0.16), normalized femoral artery lumen size (P = 0.45), or iliac distensibility (P = 0.5).
Discussion
While impaired cardiac function results from IUGR in both animal and human studies, the origin of the cardiac dysfunction is less clear. We uncovered vascular changes, more marked in the lower extremities than the carotid flow. More specifically, we identified decreased size and distensibility of the external iliac artery and decreased size of the femoral artery after adjustment for BSA without changes in size of the brachial or common carotid arteries. Increased end-systolic and end-diastolic IUGR common carotid artery velocities combined with unchanged carotid artery size suggest a subtle alteration of blood flow to the cerebral circulation in the IUGR group. These findings support indications of altered haemodynamics of the adult circulation with IUGR found in our previous studies on the performance of the left and right ventricles (Kuo et al. 2016 (Kuo et al. , 2017a ) and contribute to previous reports of increased incidence of vascular disease with IUGR, such as stroke and hypertension. To the best of our knowledge, this is the first study to report alterations in vascular health in a primate model exposed to developmental programming via maternal nutrient reduction.
This study addressed the premise that underdevelopment of the vascular tree in IUGR offspring alters vascular structure and regional blood flow with potential long-lasting consequences. In this cohort, the previously reported reduced distal thoracic aorta diameter at 5-6 years (Kuo et al. 2017b) , as well as the decreased J Physiol 596.23 ANOVA main effects reported. No significant sex-group interaction was found. * P < 0.05; * * P < 0.01; * * * P < 0.001; NS, not significant.
external iliac artery and the femoral artery normalized diameters reported hereafter, are consistent with prior reports of decreased aortic size in pre-adolescent (8-13 years) children born small for gestation age (Ley et al. 1997; Jiang et al. 2006; Bradley et al. 2010) and smaller aorta and popliteal arteries in adolescents (16-19 years) with clinical history of IUGR (Brodszki et al. 2005) . Other studies reported values that demonstrate similar but non-significant trends in the aorta of low birth weight pre-adolescents (7-11 years) (Martin et al. 2000) and newborns (Akira & Yoshiyuki, 2006; Mori et al. 2006) , as well as positive correlation between adult common femoral artery diameter and birth weight (mean age = 36 years) (te Velde et al. 2004) . One complicating factor in some human studies is the inclusion of subjects from both term and pre-term births since gestational age is associated with differences in aorta diameter (Bonamy et al. 2005; Schubert et al. 2011; Ciccone et al. 2013) . The change in large artery size with IUGR has not been consistently demonstrated across animal models, and may be partially attributable to both variation in the method of IUGR induction and inter-species difference. In rats, for example, the aorta size is unchanged with IUGR induced by hypoxia (Rueda-Clausen et al. 2009) or maternal nutrient restriction (Ozaki et al. 2001) . In hypoxic incubation of IUGR chick embryos, however, smaller ascending aortic lumens were seen (Rouwet et al. 2002) . Smaller aortas were noted in maternal hyperthermia-induced IUGR sheep (thoracic and abdominal segments) (Dodson et al. 2014 ) and maternal uterine artery ligation-induced IUGR guinea-pigs (descending thoracic segment) (Briscoe et al. 2004) . We suspect timing of the evaluation contributes to the disparity of findings reported in the literature. In humans, larger abdominal aorta diameter was reported in IUGR compared to controls prenatally, but this relationship reverses by 18 months of age (Cosmi et al. 2009 ). Our results indicate that IUGR induced by maternal undernutrition results in decreased size of aorta and lower extremity arteries in primates in early to mid-adulthood with no, or much less, effect on the cranially directed vessels. Interestingly, we failed to observe similar decrease in size of the common carotid or brachial arteries, which may hint at the mechanism underpinning the reduction in vascular size with IUGR. The lack of association between low birth weight and brachial artery diameter has been documented in human children (8-13 years) (Franco et al. 2006) , adolescents (13-19 years) (Singhal et al. 2001; Brodszki et al. 2005) , and young adults (20-28 years) (Goodfellow et al. 1998; Leeson et al. 2001 ). Likewise, in most studies of IUGR humans, a difference in common carotid artery dimension has not been found (Martin et al. 2000; Bonamy et al. 2005; Brodszki et al. 2005; Mori et al. 2006) . It has been hypothesized that the differential effects of IUGR on vessel size may be due to the relative sensitivity of elastic artery growth to IUGR compared to muscular arteries (Karatza & Varvarigou, 2013) . Supporting this hypothesis, early studies on the rat aorta revealed that even though elongation of the aorta proceeds rapidly to 12 weeks of age , the increase in concentration of elastin of the aorta ceases at 18 days of age and decreases thereafter . Arguably, if deposition of elastin is reduced in the perinatal period, growth of elastic arteries may be impaired later in life. In line with this notion, in patients with decreased production of the elastin protein or microdeletion of the elastin gene, narrower arteries and obstructive arteriopathy are observed (Morris, 1998; Morris & Mervis, 2000) . Further, it has been proposed that IUGR-related decrease in size of the popliteal artery, a muscular artery, may be due to the popliteal artery being more similar in behaviour to a central elastic artery (Debasso et al. 2004 ). Yet, the decreased sizes of the external iliac and femoral arteries in our study suggest that the distinction between elastic and muscular arteries may not be the dominant determinant of arterial size in IUGR, given that both of those arteries are muscular arteries by both histology and function (Meyer et al. 1980) . 
. Common carotid artery measurements
No group-sex interaction was detected by ANOVA. A, the peak systolic velocity of the common carotid artery was higher in the males compared to the females without group differences. B and C, increased end-systolic velocity (B) and end-diastolic velocity (C) were seen in the IUGR group compared to controls (CTL) without between-sex differences. D, time-average velocity was not significantly different between groups. E, the lumen area was not different between groups. F, a trend of increased normalized carotid blood flow was observed in IUGR without reaching significance. 13.1 ± 1.0 10.4 ± 0.6 CTL > IUGR * Male 13.6 ± 1.5 11.3 ± 0.9 Female 12.7 ± 1.2 9.6 ± 0.7 ANOVA main effects reported. No significant sex-group interaction was found. * P < 0.05; * * P < 0.01; * * * P < 0.001; NS, not significant.
Instead, we suspect decreased sizes of the aorta and lower extremity arteries in IUGR may be a long-lasting consequence of blood flow redistribution in response to challenges that occur in fetal life, such as hypoxia (Cohn et al. 1974) . Even though cardiac output is preserved, or even increased, in growth-restricted fetuses, volume blood flow is decreased in the descending aorta (Gardiner et al. 2002) , consistent with redirection of blood flow towards the key organs for survival, brain and heart, and away from the abdomen, pelvis, and lower extremities. This effect is thought to be protective in nature and serves to preserve cerebral and coronary blood flow, and is at least partially mediated by decreased vascular resistance in the internal carotid artery and increased vascular resistance in the descending aorta of the IUGR subjects (Wladimiroff et al. 1986 (Wladimiroff et al. , 1987 Baschat et al. 2001; Giussani, 2016) .
The dependence of remodelling and growth of the vasculature on blood flow (Chapman, 1918) , even after accounting for effects of hypoxia, has been accepted for nearly 100 years (Männer et al. 1995) . Indeed, later studies have since determined that blood flow, via its effect on shear stress among other factors, plays an essential role in vascular growth, remodelling, and determination of vessel diameter (Jones et al. 2006) . For example, a 70% reduction in blood flow through the common carotid artery in rabbits triggered a 21% decrease in vessel diameter within 2 weeks (Langille & O'Donnell, 1986) . Similarly, a 35% blood flow reduction in rats resulted in 10% decrease in vessel diameter (Guyton & Hartley, 1985) . Earlier studies in fetal lambs suggest a greater than 50% reduction in blood flow to non-preserved organs such as intestines, spleen, and kidneys can result from fetal stress induced redistribution (Cohn et al. 1974) . Given vascular flow to the lower body is decreased in IUGR fetuses during the critical window of development, under-development/under-remodelling of the vasculature would be expected to occur in these vascular beds. If no significant subsequent remodelling occurs, asymmetric vessel size would likely persist into adulthood, as we observed in these IUGR baboons.
The increased common carotid end-systolic and enddiastolic velocities led to a trend (P = 0.1) of increased blood flow to the cerebral circulation when combined with the unchanged artery size. The altered flow pattern is concerning. High velocity is indicative of turbulent blood flow (Nichols et al. 2011) . Together with anatomic factors of non-unidirectional flow at the carotid bifurcation and focal luminal dilatation of the carotid bulb, an increase in carotid blood flow and altered flow mechanics potentiate atherosclerosis (Glagov et al. 1988 ) in a population already at increased risk because of a higher incidence of metabolic abnormalities. While the ultrasound scanner used in this study did not allow for adequate assessment of the carotid intima-media wall thickness as a marker of atherosclerosis, we note that carotid atherosclerosis has been reported as a sequela of low birth weight in some studies (Lamont et al. 2000; Gale et al. 2006; Crispi et al. 2010 ). However, not all studies reported the same association (Tilling et al. 2004; Painter et al. 2007) , possibly due to the requirement of either severe IUGR or exaggerated postnatal growth before significant atherosclerosis is evident (Oren et al. 2004) .
The pattern of increased end-systolic and end-diastolic velocity is reminiscent of reduced cerebral vascular resistance seen in IUGR fetuses as a component of the 'brain-sparing effect' (Groenenberg et al. 1989) . Our findings are the first to suggest that the vasodilatory mechanisms responsible for the change in cerebral blood flow during the prenatal period may have long-term effects persisting into adulthood. We suspect that sometime in the postnatal period systemic demand of blood flow increased in the IUGR animals, resulting in some degree of normalization of vascular supply in most organs but leading to mild over-perfusion of the cerebral circulation. To our best knowledge, carotid blood flow in adults with histories of IUGR has not been examined in either human or animal studies. Increased carotid artery blood flow was previously reported in an IUGR fetal sheep model induced by umbilical artery ligation, which is thought to be responsible for the increased brain to body weight ratio (Miller et al. 2007) . However, the functional consequence of that finding in both fetal life and postnatally is unknown. One study in IUGR sheep shows the increased fetal cerebral blood flow is uneven, with increased blood flow to the temporal lobe (Poudel et al. 2015) . It is possible that vascular abnormality underlies the known association between IUGR and some neuropsychological conditions, such as impaired executive function in human young adults (Tideman et al. 2007) . In future studies, we propose to correlate cognitive function using the Cambridge Neuropsychological Test Automated Battery (CANTAB) system with blood flow data obtained by MRI.
The decreased distensibility of the external iliac artery shown in the current study combined with our previous report of decreased aortic distensibility (Kuo et al. 2017b ) is consistent with increased arterial stiffness of IUGR animals. Using measurement of diameter change, increased local arterial stiffness has been reported in the aorta of IUGR newborns (Akira & Yoshiyuki, 2006; Mori et al. 2006 ) and children (8-13 years) (Levent et al. 2009; Bradley et al. 2010) , with some studies showing a similar trend of increase in the aorta (Ley et al. 1997; Brodszki et al. 2005 ) and popliteal arteries (Brodszki et al. 2005) that did not reach significance. Using pulse wave velocity, increased regional arterial stiffness has been reported in the brachioradial segment of IUGR infants (9 months old) (Cheung et al. 2000) , both the brachioradial segment (Cheung et al. 2004 ) and aorta (Bradley et al. 2010) of IUGR children (8 years and 8-13 years), and the brachioankle segment of low birth weight adults (mean age 36 years) (Mzayek et al. 2009 ). Further, analysis of aortic pressure waveform revealed increased systemic arterial stiffness in IUGR pre-adolescents (14 years) (Chan et al. 2010) . The decrease in distensibility was previously thought to originate from deficient elastin deposition secondary to IUGR (Martyn & Greenwald, 1997 ), similar to the process leading to decreased compliance of the IUGR lungs (Joss-Moore et al. 2011) . However, more recent work in hyperthermia-induced IUGR sheep, which demonstrated aorta stiffening, suggests the mechanism of arterial stiffening is more complex, involving changes in both composition and organization of the extracellular matrix, and is likely divergent in different arterial segments (Dodson et al. 2014) . Interestingly, we did not observe vascular stiffening in the carotid arteries. In line with our results, increase in carotid stiffness is either not seen in IUGR children (Bonamy et al. 2005; Brodszki et al. 2005) or only present in a sub-group of the subjects with increased aortic stiffness (Mori et al. 2006) . Possibly related to this finding, when regional arterial stiffness is assessed across the carotid-radial segment, no difference is seen between IUGR and control adolescents (Rossi et al. 2011) . The preservation of carotid distensibility may originate from the preservation in carotid blood flow. Mechanical stimuli simulating blood flow trigger synthesis of extracellular matrix components in vitro (Leung et al. 1976) . In vivo sheep studies reveal that changes in elastin deposition correlate with changes in blood flow in the perinatal period (Bendeck & Langille, 1991) .
We acknowledge a few limitations to this study. First, the use of ultrasound precluded adequate evaluation of intracranial vessels, thoracic/abdominal aorta, renal, and smaller arteries of the extremities, which would give a more comprehensive assessment of the vascular health. Second, due to animal availability, there is a noticeable but not significant difference in the age of CTL vs. IUGR animals. We note that given the normal baboon lifespan of 25-30 years, this age gap (less than 1 year) is relatively small. When the data are re-analysed after removal of the oldest animals from the control groups, which further shortens the age difference, there is no change in the results. Next, it remains to be determined in a primate model whether the observed changes result from microstructural alterations as previously mentioned or arise from other irregularities such as variations in sympathetic tone (Lee et al. 1998) . The use of ketamine, in particular, raises question as to whether differential vascular effects of ketamine may partially account for the differences observed. While investigation into this possibility is needed, we note that the literature suggests that, in cases of mild sedation, baseline systemic haemodynamics are not significantly impacted by ketamine (Gooding et al. 1977 , Hickey et al. 1985 , and ketamine is known to produce fewer cardiovascular changes than some other anaesthetics (Stowe et al. 1992) . From the practical standpoint, some form of anaesthesia will always be necessary for studies involving non-human subjects with the assumption that effects of the anaesthetic will be similar in the control and treatment groups. Thus, this issue is not unique to this study. Last, we note that this study examines only a brief time point in the IUGR life-course and longitudinal studies will help inform our understanding of the interplay between ageing and IUGR physiology that result in later life development of cardiovascular co-morbidities.
Overall, the findings in this study suggest that IUGR results in abnormal vasculature in early adulthood in the baboons observed predominantly in the lower extremity arteries. This pattern of involvement raises suspicion for the long-term consequences of vascular redistribution seen in the perinatal period, particularly fetal life in response to programming challenges such as hypoxia. Abnormality of the arterial vasculature may contribute to the previously noted cardiac changes with IUGR. Subtle changes in distribution of the carotid blood flow with IUGR suggest that the cerebral circulation may be affected, and this circumstance warrants further study. Future studies will be required to determine whether the extracellular and other cellular changes of IUGR arterial vasculature, reported in non-primate animal studies, also are present and can explain the changes observed in non-human primates in this study.
